The membrane-boud proteins of barley (Hordeum vulgare L. cv Conqust) root plasma membrane-enriched microsomes displayed fluorescence typical of protein-assodated trytophan residues. The protein fluorescence intensity was sensitive to variations in sample temperature.
creased the motion of spin labels incorporated into the barley root plasma membrane (2, 3) , suggesting decreased microviscosity of the lipid surrounding the probe molecules. The direct regulation of membrane-bound enzymes by changes in lipid microviscosity or 'viscotropic regulation' has been questioned (20) . However, modification of lipid microviscosity can change the interactions between enzyme subunits (10) . It has been postulated that membrane-bound enzymes which require mobility for optimal function, such as transport ATPases, should be sensitive to changes in membrane lipid microviscosity (10) . Alternatively, the ordering ofthe lipid polar head groups induced by electrostatic interactions and hydration or 'interfacial regulation' also influences membrane-bound enzyme activity (20) . Therefore, various changes in lipid structure induced by temperature or the presence of polyvalent cations could influence membrane-bound enzyme activity by modifying protein conformation, motion, aggregation, and redistribution.
The purpose of this study was to utilize the intrinsic fluorescence of barley root plasma membrane-bound proteins to investigate thermally induced changes in membrane protein conformation and protein-protein interactions at physiological temperatures.
The complex temperature dependencies of both plant and animal membrane-associated enzymes, which are generally characterized by nonlinear Arrhenius plots, have been attributed to temperature-induced phase transitions of the membrane bulk lipid acyl chains (14, 18) . However, there is increasing evidence that this bulk lipid solid to liquid-crystalline phase separation may be complete in many plant and animal membranes at temperatures significantly below the physiological temperature range (12, 17) . Therefore, it has been postulated that temperature-induced alterations in either the physical state of the lipids in discrete membrane microenvironments or the conformation of membrane proteins could account for the observed complex enzyme temperature dependencies (12, 15) .
The Km of the barley root plasma membrane-bound ATPase was relatively constant over the temperature range 14 (Fig. 2C ). The addition of 33% (w/v) glycerol to reduce the effects of scattering (8) shifted the increase in scattering and decrease in absorbance to 45°C (Fig. 2 , B and C) and abolished the increase in protein fluorescence at 25°C ( Fig. 2A) . Discontinuities in the temperature-dependent change in barley membrane protein fluorescence were observed at 12 and 32C in the presence of glycerol, suggesting that at these temperatures there are alterations in some process which modifies the collisional quenching of the protein fluorescence. As previously discussed (3), the presence of 33% (w/v) glycerol could modify the " fluidity" ofthe barley root plasma membranes (1) . However, the change in the temperature dependence of the protein fluorescence reduction at about 12°C was observed in the presence and absence of glycerol ( Fig. 2A) . This result is consistent with the observations of Hoffman et al. (9) that 66% (w/v) glycerol had no effect on the activity and rotational mobility of sarcoplasmic reticulum Ca2t-activated ATPase.
The discontinuous temperature-dependent reduction in barley aI- root plasma membrane-bound protein fluorescence ( Fig. 2A) is similar to that obtained for some purified soluble proteins (24) . This decrease in protein fluorescence generally occurs because increased temperature increases the frequency of effective collisions between quenchers in the environment and the excited tryptophan and tyrosine residues. Since the proteins may provide these quenching groups (e.g. protonated sulihydryl and histidinyl sidechains, and carboxyl groups [13] ), the temperature dependence of the intrinsic protein fluorescence reflects variations in protein structure surrounding the fluorescent amino acid residues. The heterogeneity of the proteins in the barley membranes and the magnitude of the temperature-induced decrease in protein fluorescence suggest some cooperative change in protein structure which begins at 12°C and is complete at about 32°C.
Effect of Detergents and Glutaraldehyde on Fluorescence. Since the observed changes in the temperature-dependent collisional quenching ofprotein fluorescence may represent thermally induced alterations in membrane protein structure, the effects of some membrane and protein perturbing agents were determined. Zwitterionic detergents with different acyl chain lengths (Zwittergent, Calbiochem-Behring, San Diego, CA) at levels above their critical micelle concentration significantly increased the intrinsic protein fluorescence of the barley membranes (Fig. 3) . The ionic detergents SDS and CTAB2 slightly reduced the intrinsic protein fluorescence (data not shown). The protein cross-linking reagent glutaraldehyde decreased the fluorescence intensity (Fig. 3) . The monofunctional reagent, formaldehyde (8% w/v), had no effect on the protein fluorescence (data not shown), suggesting that glutaraldehyde did not reduce fluorescence by chemical quenching. As shown in Figure 4A aldehyde could partially reverse this process. If glutaraldehyde is first added to the membranes, then the addition of detergent had little effect on the fluorescence intensity.
An interpretation of these results is presented in Figure 4B . The membrane vesicles contain both collisionally quenched and fluorescent proteins. Since these zwitterionic detergents apparently do not modify the conformation of membrane proteins (8) , detergent at levels above its critical micelle concentration disperses the membrane proteins into smaller micelles, increasing fluorescence by reducing the probability of protein-protein collision. Since more than one potentially fluorescent protein can be present in each micelle, glutaraldehyde can then cross link adjacent proteins, increasing the rate of collisional quenching. If the membrane vesicles are first treated with glutaraldehyde, then the subsequent addition of detergent cannot separate the crosslinked proteins and the fluorescence remains quenched.
Since glutaraldehyde produces both intra-and intermolecular cross links in proteins, glutaraldehyde-induced decrease in protein fluorescence could result from changes in the structure of individual proteins rather than the formation of the protein oligomers. Furthermore, the association ofextrinsic proteins with lipids and detergents can result in a marked increase in protein fluorescence (6) . Such increases in protein fluorescence are usually interpreted as indicating a decrease in the polarity of the tryptophan environment (6) . Therefore, the changes in barley membrane protein fluorescence induced by glutaraldehyde and detergents could result from modifications in the structure of individual proteins, protein-protein interactions or the interaction of the tryptophan residues with the phospholipid hydrophobic core.
Polarization of the Protein Fluorescence. Since polarization of fluorescent probes is a useful means to estimate molecular motion, the polarization of the barley membrane protein intrinsic fluorescence was investigated. The polarization was dependent upon the emission wavelength (Fig. 5) . Since high relative values of polarization signify reduced motion, the tryptophan residues which emit at lower wavelengths and are, therefore, least exposed to the hydrophilic environment were less mobile than those tryptophans closer to the membrane or protein surface.
Increasing sample temperature slightly reduced the polarization values until the temperature exceeded 33°C when the polarization increased (Fig. 6) , suggesting the onset of protein denaturation at 33°C (24) . This increase in polarization was less apparent in detergent treated membrane samples (Fig. 6 ). Glutaraldehyde decreased the mobility of the protein tryptophan residues at all temperatures (Fig. 6) . liminary studies of the effects of temperature on barley membrane protein fluorescence, it was noted that tryptophan fluorescence decreased and a second fluorescence emission maximum appeared at 410 nm after the isothermal (20°C) exposure of the membrane samples to 281 nm light in the fluorimeter. This process was more rapid at elevated sample temperatures, dependent upon the duration of the light treatment and could be retarded by either the addition of NaN3 to the sample buffer or the use of oxygen-free conditions, indicating tryptophan photoionization (6) . The effects of temperature on both the rate and magnitude ofthe barley membrane protein tryptophan photoionization were determined. Increasing the sample temperature from about 12 to 30°C resulted in both an enhanced temperaturedependent change in the initial rate of tryptophan photoionization and greater fluorescence intensity at 410 nm (Fig. 7) . At temperatures above 30°C, the effect of temperature upon the initial rate of photoionization was essentially the same as that found below 12°C and fluorescence intensity became temperature independent. These results suggest that a thermally-induced process which begins at 12°C and is completed at about 300C increases the susceptibility of the membrane protein tryptophan residues to photoionization in the barley plasma membrane. The photoionization ofprotein tryptophan residues is dependent upon the location of the tryptophans in the protein. Tryptophan in relatively hydrophobic environments is less sensitive to photoionization than those nearer the protein surface (16) . Therefore, the results presented in Figure 7 are consistent with the temperature dependence of protein fluorescence ( Fig. 2A Figure 8 , acrylamide, potassium iodide and glutarldehyde quenched the fluorescence of the barley root plasma membrane proteins. At high acrylamide concentrations, the modified SternVolmer plots were linear with a common y-intercept of 1, indicating that all the fluorescent amino acid residues were accessible to acrylamide (Fig. 8A) duced changes in iodide accessibility to the membrane proteins, the reaction rate was independent of sample temperature. The quenching of membrane protein fluorescence by glutaraldehyde was also nonlinear (Fig. 8C) . Although the complexity of the modified Stern-Volmer plots for glutaraldehyde precluded detailed analyses, increased sample temperature reduced the curvature of the lines and apparently increased the reaction rates. The rate constant (Ks,) for acrylamide quenching of the membrane protein fluorescence increased markedly as the temperature was raised above about 15'C (Fig. 9) . The temperature dependence of the accessibility (fa) of the fluorescence amino acid residues to iodide was nonlinear with a discontinuity of about 13C (Fig. 9) . These results suggest an alteration in the structure of the barley root plasma membrane at about 14°C which modifies the ability of extrinsic quenching agents to approach and interact with fluorescent tryptophan residues.
Conclusions. The results presented in this report suggest temperature-induced alterations in the structure of barley root plasma membrane-bound proteins which begin at about 12 to 1 5°C and may be complete at about 30 to 33°C. However, if one assumes that temperature-dependent changes in the Km of the membrane-bound ATPase represents altered protein conformation, then the relatively constant ATPase Km over the temperature range of 14 to 34C (2) suggests an absence of ATPase protein conformational changes between 14 and 34°C. However, ATPase and other intrinsic proteins often form functional aggregates in membranes (7) . It is not clear how these protein-protein interactions would influence the kinetic behavior ofa membranebound enzyme. The potential changes in protein dynamics resulting from protein-protein interactions could account for the temperature-dependent modifications in protein intrinsic fluorescence, tryptophan photoionization and fluorescence quenching. The reduction in mobility of spin label covalently bound to barley root membrane proteins (3) is consistent with this concept. Considering the magnitude of the temperature-induced fluorescence changes, it is likely that these alterations in protein structure are cooperative.
